Two-dimensional Indium Selenide (InSe) has attracted extensive attention recently due to its recordhigh charge carrier mobility and photoresponsivity in the fields of electronics and optoelectronics. Nevertheless, the mechanical properties of this material in the ultra-thin regime have not been investigated yet. Here, we present our efforts to determine the Young's modulus of thin InSe (~1-2 layers to ~40 layers) flakes experimentally by using buckling-based methodology. We find that the Young's modulus has a value of 23.1 ± 5.2 GPa, one of the lowest values reported up to date for crystalline two-dimensional materials. This superior flexibility can be very attractive for different applications, such as strain engineering and flexible electronics.
Introduction
Two-dimensional (2D) semiconductors have attracted the interest of a great deal of the scientific communities due to their interesting electrical and optical properties that make them promising candidates for future electronic and optoelectronic applications. [1] [2] [3] For example, 2D transition metal dichalcogenides (TMDCs) have demonstrated remarkable performances in field-effect transistors (FETs), photodetectors, solar cells, and logic circuits. 4 Another interesting feature of 2D semiconductors is that they can sustain very large deformations without breaking. This has motivated the application of 2D semiconductors in flexible electronic devices and strain engineering studies. [9] [10] [11] [12] The flexible electronic devices based on 2D dimensional semiconductors stand out due to their high carrier transport mobility, high specific surface area, high optical transparency, excellent mechanical resilience, and environmental stability. 13 Also, the strain engineering on 2D semiconductors, explored first theoretically and then experimentally, 16, 17 allows one for the modification of the band gap of these materials by means of mechanical deformations of their lattices. [18] [19] [20] These desirable features indicate that 2D semiconductors are a very promising alternative to traditional flexible organic semiconducting devices. Nevertheless, most of the 2D semiconductors studied so far are extremely stiff, having Young's modulus in the range of ~100-300 GPa (a value much larger than that of organic semiconducting materials (0.1 -10 GPa), 23 see Table 1 and Fig. 3a) . This means that a high stress is required to deform them. Therefore, flexible (or compliant) 2D semiconductors (characterized by a low Young's modulus) would be desirable for certain applications including 1) flexible electronic applications, where a semiconductor material with low Young's modulus mismatch with the polymeric/foil substrate is required, 25 2) force sensing, 3) strain engineering, in which one wants to avoid slippage during strain cycles, 27, 28 and 4) nano-electro-mechanical systems, where one wants the resonators behave in the membrane-like regime. 30, 31 Here, we use the buckling-based metrology method to measure the Young's modulus of thin InSe, 24 a promising 2D semiconductor that shows record-high electron mobility and ultrahigh photoresponse. [33] [34] [35] We determine the Young's modulus value E = 23.1 ± 5.2 GPa and we compare this value with the reported values for the other 2D semiconductors, finding that thin InSe is one order of magnitude more flexible than TMDCs. Our results are relevant for the application of InSe in future flexible electronics, straintronic devices, and nanomechanical systems.
Results and discussions
2D thin InSe flakes were isolated by mechanical exfoliation from high quality single crystalline InSe ingots grown by Bridgman method. 37 Bulk InSe have been characterized by scanning electron microscopy (SEM), Xray diffraction (XRD) and transmission electronic microscopy (TEM) to ensure its high crystallinity and to identify its polytope. More details about the characterization can be found in Section 1 of the Supplementary Information. We address the reader to the Materials and Method section for details about the InSe exfoliation. In order to measure the mechanical properties of InSe flakes through the buckling metrology method, they have to be deposited onto a very complaint substrate and subjected to uniaxial compression. In the case of InSe deposited on top of Gel-Film (by Gel-Pak®), if the compression strain in the InSe is above a critical value of approximately 0.07% the flakes undertake a buckling instability. 38 Due to the competition This is the authors' version (post peer-review) of the manuscript: Qinghua Zhao et al Nanoscale, 2019,11, 9845-9850 https://doi.org/10.1039/C9NR02172H
That has been published in its final form: https://pubs.rsc.org/en/content/articlelanding/2019/nr/c9nr02172h between the buckling of the flakes and the adhesion with the substrate, a wavy pattern (ripples) appears on the flakes. Interestingly, the period of these ripples (λ) depends only on the mechanical properties of the flake and substrate: [38] [39] [40] where h is the thickness of the flake, νs and νf correspond to the Poisson's ratio of substrate and flake and Es and Ef are the Young's modulus of the substrate and flake, respectively. Therefore, for a known substrate one can extract the Young's modulus of InSe by measuring the period of ripples for flakes with different thickness. We have recently demonstrated the suitability of this method to probe the mechanical properties of 2D materials and we address the readership to Ref. [ 24 ] for more details on the technique. Fig. 1a shows a cartoon of the fabrication process followed to apply the uniaxial compression to InSe flakes. A rectangular shape Gel-Film substrate is slightly bent to induce a uniaxial expansion of its topmost surface. Then InSe flakes are transferred on the bent surface by mechanical exfoliation with Nitto tape (see Materials and Methods) and the substrate stress is released yielding to the desired uniaxial compression. Fig. 1b shows a transmission mode optical microscopy image of an isolated InSe flake fabricated following this approach. The flake presents a marked wavy pattern because of the buckling instability induced ripples. The corresponding atomic force microscopy (AFM) topography image is shown in Fig. 1b with the thickness ranging from ~6L to ~24L (9.4 nm and 24 nm thick). The height extracted from the AFM dynamic mode measurements presented in this work contain a systematic offset that we determined to be 4.9 ± 0.5 nm in the case of InSe (this value should be subtracted from the AFM data in order to find the real flake thickness, see Section 2 of the Supplementary Information). This offset, which has been reported also for other 2D materials, is caused by the different interaction between the tip and either the substrate or the flake. 45 It is important to notice that this offset does not influence the determination of the Young's modulus of InSe and thus we did not subtract it from the data presented in this article. Fig. 1c shows the sinusoidal line profile shape of the ripples. From Fig. 1b-1c , one can see that the wavelength λ of the ripples is strongly thickness dependent. As seen in Equation (1), the Young's modulus can be determined by measuring the wavelength of the buckling induced ripples for flakes of different thickness. Fig. 2a shows six grayscale transmission mode optical images of the ripples produced on InSe flakes with different thicknesses. The wavelength of the ripples can be accurately extracted through the fast Fourier transform (FFT) of these images (Fig. 2b) . Fig. 2c shows a summary of the wavelength values measured from 20 InSe flakes with thicknesses ranging from 6.4 nm to 32 nm (~1-2 layers to 40 layers). Note that rippled patterns with wavelengths smaller than ∼1 μm and amplitude <10 nm cannot be well-resolved with optical microscopy. 24 The experimental data points follow a marked linear trend, as expected from Equation (1). From the slope λ/h = 146±11 we can determine the Young's modulus of InSe.Using the known values of the Poisson's ratio of PDMS (Gel-Film) νs = 0.5 and InSe flake νf = 0.27, 50, 51 and the measured Young's modulus of our Gel-Film Es = 492 ± 11 kPa (see the Supplementary Information of Ref. [24] ), 24 we determine the Young's modulus of thin InSe flakes, E = 23.1 ± 5.2 GPa, a value much smaller than the reported Young's modulus of other 2D materials. In order to put this value in the more general context of 2D materials, we show in Fig. 3a a graphical comparison between the Young's modulus values for various isolated 2D materials available in the literature in a semi-logarithm scale plot. We indicate the highest and lowest Young's modulus reported in the literature through the error bar. The four differently colored regions correspond to semimetal, semiconductor, insulator and topological insulator groups, respectively. The value determined with buckling method of thin InSe Young's modulus is shown with a black dashed line and a surrounding blue shadow (that represents the uncertainty of our measurement result). According to the plot, the thin InSe flakes have a Young's modulus value which is around two orders of magnitude smaller than that of graphene and one order of magnitude lower than MoS2 flakes. This value of the Young's modulus is among the lowest values reported for 2D materials up to date and is comparable only with that of metal-organic frameworks (MOFs, ~5 GPa). 53 Notably, this small value for the Young's modulus of InSe is in agreement with theoretical calculations, which predict an isotropic Young's modulus for monolayer InSe of 57 GPa and that this value is much smaller than the predicted values for MoS2 and graphene. 50 All the details displayed in Fig. 3a are also summarized in Table  1 to facilitate a quantitative comparison between different materials. The low Young's modulus value of InSe has implications in its applicability in flexible electronics, strain engineering or sensors. For example, applying or transferring strain to a 2D material with low Young's modulus requires less force than transferring the same amount of strain to a stiffer 2D material. To understand the role of the Young's modulus in the transfer of strain to a 2D materials deposited on a = ℎ [
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That has been published in its final form: https://pubs.rsc.org/en/content/articlelanding/2019/nr/c9nr02172h substrate, we performed a three-dimensional axisymmetric finite element analysis (FEA) using the software COMSOL Multiphysics (version 5.1). The results shown in Fig. 3b are calculated for a thin InSe with a thickness of 10 nm, diameter 20 µmand Young's modulus EInSe = 23.1 GPa, placed on a substrate with a thickness of 1000 μm and a diameter of 10000 µm. Additional details about the FEA calculation can be found in Section 3 of the Supplementary Information. The interface between the InSe flake and the substrate is modeled using perfect bonding. In each step of the simulation we let the substrate expand and we extract the total expansion induced in the InSe flake from which we calculate the strain transfer for all the different substrate Young's modulus values. We repeated the calculation for MoS2 (EMoS2 = 250 GPa) and graphene (EGraphene = 1 TPa). 5, 7, 24 The calculations show that, independently from the Young's modulus of the 2D material, for very small values of the substrate Young's modulus no strain is transferred from the substrate to the 2D flake, while for very large values the strain transfer approaches 100%. In between these two limits one can see that the strain transfer present in all three cases a similar sigmoidal shape and is shifted along the horizontal axis. The onset of transfer of each curve depends on the 2D material Young's modulus being the lowest for InSe and the largest for graphene. For 2D flakes with lower Young's modulus the strain transfer is larger than for flakes with larger modulus (given the same substrate Young's modulus). Since no atomistic details are taken into account in the simulation, the real absolute value of strain transfer for a given substrate Young's modulus can differ from the calculated one. Nevertheless, the general shape of the strain transfer curve and the trend observed should hold true for all the different 2D materials.
Conclusions
In conclusion, we reported the experimental value of the Young's modulus of thin InSe flake using the buckling metrology method. We find an ultralow value in the range of 18 -28 GPa, which makes thin InSe one of the most flexible two-dimensional materials. This low Young's modulus value can result highly valuable in applications such as force sensing (as the same force will produce a larger deformation in InSe than in other 2D semiconductors) or flexible electronic applications (were a small mismatch between the Young's modulus of the substrate and the 2D semiconductor is required to avoid stress accumulation after several flexing cycles). Also, we calculate that such superior flexibility may facilitate more effective strain transfer from a polymeric substrate to InSe flakes deposited on top, making InSe a very interesting material for applications in future straintronic devices.
Materials and Methods
Materials and sample fabrication. The high-quality InSe crystal was grown by Bridgman method. With the atomic ratio In:Se = 52:48, high purity indium (99.9999%) and selenium (99.9999%) elements are sealed into a quartz crucible under the high vacuum conditions (2×10 -5 Pa). Then the quartz crucible was transferred into the rocking furnace and kept swing for 48 h at 650 ℃ to mix the melt completely. Then a vertical Bridgman furnace with a temperature gradient of 10 ℃/cm was used for crystal growth. Detailed characterization of the high-quality bulk materials can be found in Section 1 of the Supplementary Information. The elastomeric compliant substrate used in this work is commercially available polydimethylsiloxane (PDMS) supplied by Gel-Pak (WF 4x Gel-Film), whose Young's modulus (Es = 492 ± 11 kPa) has been determined in our previous work. 24 Mechanical exfoliation method with Scotch tape (3M®) and Nitto tape (Nitto Denko® SPV 224) was used for thin InSe flakes fabrication. Then the flakes were transferred onto a curved Gel-Film substrate to induce wrinkles. All the exfoliation processes are carried out in the ambient environment and at room temperature. Determination of wrinkle size and flake thickness. The images of rippled InSe flakes onto PDMS were acquired with optical microscopy transmission mode (Motic® BA310 MET-T) in the case of wrinkles with wavelength larger than ∼1 µm and with dynamic mode atomic force microscopy in the case of wavelengths smaller than 1 µm. Afterward, these rippled flakes were transferred onto SiO2 (280 nm)/Si substrates for the AFM measurements. Gwyddion software was used for the quantitative analysis of the wavelength of the ripples on the flakes. The thickness of InSe flakes were determined by ezAFM from Nanomagnetics operating in dynamic mode. A Tap190Al-G by BudgetSensors with force constant 40 N/m and resonance frequency 300 kHz cantilever was used. To take into account the offset present in the thickness determination of 2D flakes by dynamic mode AFM, 45 one has to subtract a constant value of 4.9 nm from the raw AFM heights. See Section S2 of the Supplementary Information for more details on the estimation of this offset. Notice that all the thickness values given in the main text include this offset and thus to find the real thickness one has to subtract 4.9 nm from the reported height. This is the authors' version (post peer-review) of the manuscript: Qinghua Zhao et al Nanoscale, 2019,11, 9845-9850 https://doi.org/10.1039/C9NR02172H
That has been published in its final form: https://pubs.rsc.org/en/content/articlelanding/2019/nr/c9nr02172h Table 1 The comparison of Young's modulus of two-dimensional (2D) materials measured at room temperature and ambient environments. Legend: "Isolation method"; ME: mechanical exfoliation, CVD: chemical vapor deposition, VDWE: Van der Waals epitaxy. "Testing method"; (1) Spring constant scaling, (2) Nano-indentation, (3) Compliance maps, (4) Electrostatic deflection, (5) Blister test, (6) Constant force maps, (7) Nano-resonator, (8) Bimodal AFM, (9) buckling metrology method, (10) Micro-tensile method. 
